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Abstract

Experimental results on 60GHz band signal transmission through ECOR (Electromagnetic Coupling of
Open-Ring Resonators) are shown. Through 200um sapphire substrate, 60-70GHz band signal are transmitted
with 58.9% transmission efficiency and 7.4GHz bandwidth. However, the transmission band was shifted about
10GHz higher frequency. The reason is under investigation.

ECOR technology is extended to lower frequencies for non-contact power transmission. The technology will
benefit to power connectors for equipment modules where the problems caused by humidity and mechanical
failure will be eliminated. A new diode structure for RF signal rectification, loss mechanism in rectenna circuits
and the effect of wetting to ECOR transmission will be presented.

This report consists of the following four sections.

1. 60 GHz Wireless Interconnection Using ECOR

2. T-shaped Anode GaN Schottky Barrier Diode for Microwave Power Rectification
3. Analysis of Loss Mechanism in Rectenna Circuit
4

Effects of Wetting to Wireless Power Transmission by Open-Ring Resonators Coupling
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1 60 GHz Wireless Interconnection Using ECOR"

1.1 ECOR

Several on-chip wireless interconnects have been proposed, such as antenna-type, capacitive
coupling and inductive coupling. They are convenient to distribute signals on and out of chips, but
the energy efficiency is too low to use the received signal without amplification. So, we proposed
electromagnetic coupling of open-ring resonators (ECOR) to realize low-cost millimeter wave
transceivers as shown in Fig.1.1 [2].

Resonator coupling 1is short distance but efficient

transmission technology, so it has been used for meter-range

A
7\
wireless power transmission, such as WiTricity [3]. ﬁ
As device miniaturization has proceeded, CMOS can ===
L
\/E
V

generate 60GHz signals, but the handling power is reduced. On

the other hand, AlIGaN/GaN HFETs can generate high power

at millimeter wave range. To combine these technologies, Fig.l.1. ECOR structure for HFSS
simulation. All the substrates are

conventional mechanical interconnection is not suited due to assumed to be sapphire with isotropic
dielectric constant of 10.

signal degradation and high assembly cost. So, we have ECOR
to realize low-cost millimeter wave transceivers as shown in
Fig.1.2 [4].

In the project last year we have designed ECOR for 60GHz

~ antenna on
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signal transmission through sapphire wafers. We made gold

probe pads on sapphire and measured the transmission
Fig.1.2. Schematic model of

characteristics. 60 GHz range signals are transmitted through millimeter wave system using ECOR
. . . . . (Electromagnetic coupling of

200 pum thick sapphire substrate with 2.3dB insertion loss open-ring resonator).

(58.9% transmission) and 7.4GHz bandwidth, but the

transmission band are shifted about 10GHz higher frequencies.

1.2 Interconnect Structure m

Open-ring resonator is a A/2 resonator with circular shape to

prevent radiation loss (Fig.1.3) [5]. When two resonators are

placed closely, they couple electromagnetically and exchange

energy wirelessly. Then, the resonant frequency splits and a (a) (b)
. . Fig. 1.3. (a) simple M2 resonator which
band pass filter (BPF) is formed. The resonance occurs only works as antenna, (b) open-ring

resonator

within distance less than the wavelength. For 60GHz, it is
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Fig.1.4 Simulated transmission characteristics
through 200 um sapphire substrate. 6=55°. S21 is
transmission and S11 is reflection. PEC stands for
perfect electric conductor.
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Fig.1.5 Simulated S21 peak frequency and the
frequencies with -3dB (absolute value) as functions of
port angle.

5mm in the air and 1.5mm in silicon or sapphire. Therefore, the ring diameter d=A/2x, will be 230

um on silicon or sapphire.

We performed electromagnetic simulation using HFSS (Figs.1.4-6). Through 200 pm thick
sapphire substrate, 3dB band was formed from 58.1GHz to 66.4 GHz (bandwidth of 8.3GHz) with

the minimum losses of 1.35 dB (73.3% transmission) for perfect electrical conductor (PEC) and 1.85

dB (65.3%) for gold wiring. Impedance matching to the signal feeder line is obtained by selecting the

optimum port angle 6 shown in Fig.1.3.

Fig.1.7 shows the peak transmission efficiency and 3dB bandwidth as function of the sapphire

substrate thickness through which the signal travels. The transmission band is 5 GHz at the
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Fig.1.6 Simulated S21 peak value and S11 values
at the same frequency, as functions of port angle.
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Fig.1.7 Simulated S21 peak value and the
bandwidth as functions of sapphire substrate
thickness.
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Fig.1.8 Open-ring resonator patterns for s-parameter Fig.1.9 Schematic diagram of the measurement set up.
measurement. Patterns for the two layers are shown. In

the actual measurement, the rings are aligned to overlap.
The ring outer diameter is 335um.

thickness of 200 um and the band exists up to 400 um.

1.3 Experiments

Based on the HFSS simulation, mask patterns are designed (Fig.1.8). The ring outer diameter is
335 um and the inner diameter is 145 um. 50Q coplanar lines are connected to the rings for signal
input and output.

The ring and lines are made on c-plane sapphire substrate with the thickness of 200 pm.
Conventional photo lithography technology and electrolytic plating of gold are used to make the
sample chips. The plated sample chips are overlapped, aligned and bonded with electron wax for the
measurement. The measurement was carried out using Agilent E8361A and N5260A with the
sample structure shown in Fig. 1.9.

The maximum transmission is obtained with the port angle of 80° and 55° as -2.3dB (58.9%)
(Fig.1.10, 1.11, 1.12). From simulation, the losses are estimated as 0.5dB by conductor and 1.35 dB
by radiation, maybe, by parallel plate mode propagating between the two metal planes. The

obtained loss values are not so bad for the first experiment.

S21(dB)

FREQUENCY(GHz)

Fig.1.10 Measured S21 for the rings with port
angles of 55° and 80°.
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Fig.1.12 Measured S21 peak value and the S11

Fig.1.11 Measured S21 peak and the frequencies
values at the same frequency.

-3dB from the peak S21 value.
For 80° port angle, bandwidth defined by -3dB frequencies from the maximum S21 is obtained as
7.4GHz (68.1~75.5GHz). The band is shifted about 10 GHz higher than simulated frequencies. The

reason is not clear, but tuning will not be difficult for practical applications.

14 Conclusion

ECOR demonstrated 58.9% transmission efficiency and 7.4GHz bandwidth at 70GHz range for
the wireless transmission through 200um sapphire substrate.

ECOR has already been confirmed to works on high resistivity Si substrate (> 1 kQcm) [6], and its
alignment tolerance is so wide as around a half the ring diameter [7]. In addition, ECOR is easy to
fabricate on any kind of material. It will contribute to low cost assembly and heterogeneous

integration of millimeter wave devices.



2 T-shaped Anode GaN Schottky Barrier Diode for Microwave Power
]

Rectification'®

2.1 Introduction

Rectifying diode is a key device for rectenna circuit in microwave power transmission system. For high RF/DC
conversion efficiency, the reduction of ON-resistance (Ron) and OFF-capacitance (Cogr) is essential. For power
rectification, the voltage applicable to the diodes should be as high as possible. From these requirements, wide
bandgap semiconductors are expected to be used due to their high breakdown field and high electron mobility.
Breakdown field Ec of GaN is 330V/um, which is about 10 times higher than that of silicon and GaAs. The
electron drift mobility pg at low doping level is about ISOOsz/Vs, which is higher than that of silicon.

For actual diode design, several structure parameters should be considered, such as diode size and the doping
concentrations . The anode structure of our previous device is shown in Fig.2.1 (a), where the breakdown voltage
is assumed as 100V, so 10'"cm™ donor concentration and 1pum active layer thickness were selected [9,10,11]. Field
plate was used at the anode edge utilizing the alignment margin on Ni/Au layer for gold plating. The field plate

showed the breakdown voltage increase from

93V to 108V, but also the depletion capacitance SiOs / Au
was increased about 25% in the zero voltage I‘—’I L Nim@
capacitance. In this chapter, we will show a diode

with a new anode structure together with the | n-GaN | | n-GaN |
improved epi-layer design so that the OFF n*-GaN n*-GaN
capacitance and ON resistance will be reduced.

Substrate Substrate

2.2 GaN Schottky barrier diodes
(a) ()
Fig.2.1 Schematic cross section of GaN SBD. (a)
Previous diode with field plate, (b) T-shaped
anode diode.

Since there is no diffusion capacitance at
injection condition, Schottky barrier diodes

(SBD) are used for high frequency applications.

From simple one-dimensional calculation,
. _ . . active layer
electrical characteristics of Schottky barrier diode Ab=1 X1017ycm_3 1x10"7cm3,0.1pn 3x1017cm3
is obtained. Assuming S for anode area, t for =t 3x10"7em=,0.3 0.4um
. . . access layer access layer access layer
active layer thickness, Np for donor concentration n*GaN n*GaN n*GaN

in the active layer and p for electron drift

10mQcm, &4um

10mQcm, &4pm

10mQcm, &4um

mobility, the diode ON resistance is written as, sigLahr;?e s(;g:hr;fe sgglpahr;?e
t
Roy =——— 2.1
SquN A B (©)

where ¢ is the unit charge. Also, the OFF

Fig.2.2 Epitaxial layer for the experiments. The sheet
resistance of the access layer is about 25Q.



capacitance under full depletion condition is given as,

EeS
Copr = ST : 2.2)
Under these conditions, the bias voltage applied to the diode Vyax is qNDt2/285 where gg is the dielectric
constant of the semiconductor. The field strength at the depletion edge is gNpt/es and this value is Ec at the

maximum voltage condition. Using these relations, the optimum epi-layer structure is given as,

. 2V ux

Ee @3)

2
N, = esbc
2qVuax | 2.4)
Using these relations, the time constant 7 defined by the product of Ron and Copr is given as,
2V,
7 =Ry Copp =—225. (2.3)
C

Thus, wide bandgap semiconductors are suited for microwave rectifying application due to their high

breakdown field.

2.3 T-shaped Anode Diode Structure

The device structure with T-shaped anode is shown in Fig. 2.1 (b). Fabrication process begins with the n-GaN
layer etching to expose n'-GaN layer by inductively coupled plasma (ICP) etching. Next, n'-GaN layer is etched
down to sapphire substrate for the isolation of bonding pads. Lift-off process is used for cathode Ohmic electrode
with Ti/Al/Ni (50/200/50nm) and Ni/Au(10/40nm) successively. Annealing is carried out at 850°C for 1 minute in
N, ambient.

Next, anode electrode opening is formed in photo-resist with the thickness of 2um. Then, thin Ni/Au

(10nm/10nm) layer is deposited over the whole wafer by sputtering. This layer will be used for electrode layer in
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Fig.2.3 Impurity concentration obtained from Fig.2.4 Photograph of one finger diode for
IMHz C-V measurement on 100pum diameter s-parameter measurement.
diodes.
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Fig.2.5 DC I-V characteristics. Fig.2.6 DC I-V characteristics in reverse direction.

gold electrolytic plating. The layer should be thin enough for the removal with the underlying photo-resist after
the plating. Next, thick photo-resist pattern is formed for gold plating. The gold plating layer also forms air-bridge
wiring between the anode electrodes and the bonding pads.

As discussed before, epi-layer design is important for low resistance and low capacitance. Since the peak to
peak voltage of diode is about 4 times of the input signal amplitude, 100V peak to peak voltage corresponds to
25W input signal on 50 Q line. The power value is large enough for the battery charging of small mobile
equipment. So, we increased the donor concentration even with the decrease of breakdown voltage. Three
epitaxial layers are prepared as shown in Fig.2.2. We call the diodes with the epi-structures as diodes (A), (B) and
(C) in this paper. Fig. 2.3 shows the donor profile by 1 MHz C-V measurement on 100pum diameter circular
diodes.

0.5 T anode

3.0V L

1
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1.02V ov
-0.5 T
Ras ROREN COFF(V '=IS exp ﬂ -1
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Fig. 2.7 S-parameters of diode (C) for different Fig, 2.8 Circuit model of the diodes estimated
bias VOltage. Frequency range iS from IOMHZ tO from S_parameter measurement.
10 GHz and the dot indicate data at 2.45GHz.
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and that obtained from DC IV
characteristics shown in Fig. 5 (marks).

Table 2.1 Summary of the diode characteristics.

Figure 2.4 shows the diode pattern for
1 %
s-parameter measurement of one-finger diode. Device|  Ref7] (4) (B) (©)
.. : Np 17 17 1x10° 17
The finger size is 50um long and 2pm wide. (cm™) 1x10 1x10 +3x10"7|  3x10
The pads for probing are separated by deep I(i.g; 16.4 26.3 8.47 5.78
trench isolation down to sapphire substrate. (Cig 0.180 0.112 0.122 0.178
Co™ 0.166 | 0.137| 0107 |  0.090
2.4 Electrical Performance R(Plg i ' i i
ONVav
Figure 2.5 shows DC I-V characteristics of e 1.90 3.55 0.91 0.52
one-finger diodes. Turn on voltage defined at (,lis)
) ) o (VF) 0.8 0.86 1.12 1.16
ImA is 0.86V for diode (A) while it is around
. . Vs 108 100+ 55 50
1.15V for diodes (B) and (C), respectively. The ~)

reason of the difference is not clear. Surface

condition may be different. Figure 2.6 shows

* converted into 2um x 50um size finger.
** average from 0 to -10V.

I-V characteristics in reverse direction. The breakdown voltage is 55V for diode (B) and 50V for diode (C). Due to
our equipment limitation, diode (A) did not show breakdown up to 100V.

S-parameters were measured using Agilent E8364B network analyzer with a source monitor unit Agilent
E5263A. Measurement is carried out from 10MHz to 10GHz changing bias voltage. Measured data on diode (C)
are shown in Fig. 2.7. Trajectories similar to typical RC series connection are appeared in reverse bias conditions
including zero bias. As the forward bias voltage increases, conductance parallel to the capacitance appears and
finally it shrinks to a pure low resistor circuit. For high forward bias condition, a small inductance around 50pH
was appeared. From these, we estimate the diode can be modeled by the components as shown in Fig. 2.8.

Figure 2.9 shows conductance obtained from s-parameters at 2.45GHz. Conductance calculated from DC I-V
characteristics is also shown. The difference between 2.45GHz and DC may come from the lack of cable

resistance calibration in DC measurement.



Figure 2.10 shows the capacitance obtained from s-parameters at 2.45GHz. Capacitance increases as the reverse
bias voltage decreases, but it sharply decrease at the onset of forward current. This is the typical characteristics of
Schottky barrier diodes.

Diode characteristics are summarized in Table 2.1. Time constants are calculated using the average capacitance
from zero to -10V, which may be suitable for the evaluation of actual circuit performance. Time constant t is
reduced is reduced from 1.90ps of the previous device to 0.52ps of device (C), while the breakdown voltage
decreased from 108V to 50V.

Though similar epi-structure is used, T is much larger for the present (A) structure than the previous device.
Crystal quality might be better for the previous one, since the substrate for the epitaxial growth was SiC, which
lattice constant is more closely matched to GaN than that of sapphire. Device (B) has low capacitance at zero
voltage but the average capacitance is not so low and ON resistance is relatively high. Non-uniform doping may

not be good to realize low ON resistance and low OFF capacitance simultaneously.

2.5 Conclusion

With T-shaped anode structure together with increased donor concentration for the active region, both ON
resistance and OFF capacitance can be decreased. The time constant defined by the product of Ron and Chyye
decreased from 1.9ps to 0.52ps, but the breakdown voltage decreased from 108V to 50V.

For non-contact battery charging to mobile equipment, the efficiency will be improved with this diode. Step
type doping profile did not show any particular merit indicating that uniform doping may be the optimum.

However, the doping level should be determined depending on the maximum application voltage.

10



3 Analysis of Loss Mechanism in Rectenna Circuit!'

3.1 Introduction

Microwave power transmission system requires high efficiency rectenna circuits for RF to DC conversion
[9,13]. Two factors determine the conversion efficiency, reflection at the input port and the loss in diode.

Reflection is caused by the impedance mismatch between the input line and the rectenna circuit. Since the
impedance of diodes varies with input bias and higher harmonics are generated in the rectification, the matching is
a difficult task. It will, however, be achieved to a certain level by designing the input filter. We will not consider
this matter in this paper, and will concentrate on the diode rectification efficiency in this report.

Diode rectification efficiency is determined by the ratio of DC output power against the input power to the
diode, which is the signal source power subtracted by the reflected power. We will call this efficiency as “diode
efficiency” and express as 7pjope. To improve the diode efficiency, the reduction of the time constant t defined by
the product of ON resistance (Ron) and OFF capacitance (Copr) is necessary. From one-dimensional analysis, t
can be obtained as [10],

HEc

where Vyax is the maximum applicable voltage for the diode, u is the electron drift mobility and E¢ is the
breakdown field strength. Due to high breakdown field and high electron mobility, GaN is expected as a high
performance Schottky barrier diode (SBD). In actual circuit design, however, the capacitance and the resistance
should be optimized separately even if their product 7 is the same values.

In this paper, we will investigate the optimum combination of the capacitance and resistance under given
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Fig. 8.1 I-Vcharacteristics of one finger diode Fig. 3.2 C-Vcharacteristics of one finger diode

operation conditions using circuit simulator. Comparing the simulation results, analytical expressions are
developed which can estimate rectenna performance from the device and circuit parameters, such as input power,

output load resistance and the signal frequency.

11



3.2 Rectenna Circuit Simulation with GaN SBD (Diode (o]

Figure 3.1 shows I-V characteristics of one finger parameter)

GaN Schottky barrier diode on SiC substrate [11]. The IS=Te-11A

finger size is 2 um x 100 um. The ON resistance Roy is N=2
RS=0Q

©
i

8Q and Vg is 1.0V. Figure 3.2 shows the capacitance of
R R Cr=0.13p

the one-finger diode obtained from s-parameter
measurement at 2.45GHz. The diode showed the Ron=802
breakdown voltage around 80V. On the same wafer, 5,
10 and 15 finger diodes are prepared for actual circuit

Fig. 3.8 Diode model used in circuit simulation. CP
use.

. . o ) and RON placed out of the intrinsic diode model.

For optimum design of rectenna circuits using the
diodes, we performed circuit simulation with
Microwave Office. In the simulation, we used the

pn-diode model of SPICE as shown in Fig. 3.3. The

RLo

parameters are determined from the one finger diode
measurement. To fit the C-F curve, a constant Fig. 3.4 Rectenna circuit used in the circuit
capacitance Cp is introduced as shown in the figure.
Ron 1s placed out of the diode.

Figure 3.4 shows the typical rectenna circuit using A/4 line. RF power is supplied from the signal source. Part of
the power is converted into DC power and dissipated in the load resistor. The other part is dissipated in the diode

as a power loss. The remaining part is reflected to the signal source including the higher harmonics generated

during rectification.

40
35
30

RLOAD=2OOQ

RLOAD=2OOQ
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S
S 35 & | |
% 3 5 finger E 25 : — ¢ 1 finger
5 25 o 2 f
O " 5 .
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0w 2 5 ¢ 710
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S 15 1 finger % 10 f w5
1 e.0m : circuit simulation O g | °°®:circuitsimulation -
0.5 . . . —:analytical model
:analytical model E T T
0 el e——— 0
FREQUENCY (GHz) FREQUENCY(GHz)
Fig. 3.5 Simulated loss power in diode as function Fig. 3.6 Simulated output DC voltage as function of
of signal frequency in case of R oap=200Q2. Values signal frequency in case of Ry oap=200Q2. Values
obtained by analytical model are obtained. obtained by analytical model are obtained.
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We put the signal source power as Py, the reflected power as Pggr, the diode loss power as P oss and the DC
output power as Ppc. Then, the diode efficiency 7piopg is given as,

Py . (3.2)

oiove = p—p—
Since we would like to investigate the diode efficiency, Pin-Prer 1S kept constant in the simulation by tuning Py
value.

Figure 3.5 shows the diode loss power P|oss as functions of signal frequency for diodes with different finger
numbers. The load resistance R oap is 200Q2. At low frequencies, the loss reduces as the finger number increases.
This is due the reduction of ON resistance. As the signal frequency increases, the loss increases. The variation is
larger for diodes with high finger number. This may be due to the loss by the increased capacitance during OFF
state.

Figure 3.6 shows the output DC voltage. Since the load resistance is constant, the output voltage decreases as
the diode loss power increases. Figures 3.7 and 3.8 are results in the case of R poap= 40Q2. Due to the lower
resistance, the output DC voltage is lower, but similar dependencies on the finger number and the frequency are

obtained.

33 Analytical Model
To investigate the loss mechanism in rectenna circuits, analytical expression of the loss power is developed. In
this analysis, diode characteristics are simplified as shown Fig. 3.9. Forward /-V curve is expressed only by Ron

and Vr values. Depletion capacitance Cpgp(V) is replaced by a constant capacitance Copr.

4 p 20
RLoa=40Q | R\Loap=40Q

10 finger 15 £

10

~ 2 10 finger

5 finger 15 finger

LOSS POWER(W)
N
OUTPUT VOLTAGE (V)

1
0.5 | ~0m : circuit simulation erom: circu.it simulation
— : analytical model 0 b . analytical model
0 el el—
0 5 10 15 20 0 5 10 15 20
FREQUENCY (GHz)
FREQUENCY (GHz)
Fig. 3.7 Simulated loss power in diode as function Fig. 3.8 Simulated output DC voltage as function of
of signal frequency in case of R;oap=40Q. Values signal frequency in case of Rpoap=40Q. Values
obtained by analytical model are obtained. obtained by analytical model are obtained.
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cathode
Fig. 3.9 Diode model used for analytical analysis. . . .
Dotted line indicates ON state path where current Fig. 3.10 Assumed wave form applied on the diode.
flows against the fixed voltage of V. Though the signal is sinusoidal, current in ON states
is assumed constant.
Vo(t)
When the DC output voltage value is Vpc, DC output N I
power Ppc is given as, Core
V.2 V(1)
P, = RL' (3.3)
LOAD RON

The power dissipated in the diode can be divided into

two parts, (a) ON state and (b) OFF state. In ON state,

forward DC current flows. The average of the current
Fig. 3.11 Model for OFF state loss calculation.

Sinusoidal wave which amplitude is VpctVg is
whole cycle, but it flows a certain short period as shown applied on the series connection of Corr and Ron.

should be the same as that of output DC current in a

in Fig. 3.10. We put the ratio of the period as a. This

value is less than 0.5 and we assumed 0.3. Then, the power consumed by the ON current is given as,

2
V V
PLOSSﬁON =a VF[ e ] + RON( e j (3.4)
aR; o aR, o

The first term in the parentheses is by the voltage drop of the diode and the second term is by the diode resistance

Ron. The parameter a before the parentheses indicates the ratio of the state to the whole period.

The loss in OFF state is the displacement current by the depletion capacitance. Then, Ron dissipates heat. We
estimate the loss by a simplified model shown in Fig. 3.11, where a sinusoidal signal with the amplitude of Vg +
Vpe is applied to the series connection of a capacitor and a resistor. The current flowing the resistor can be
obtained by simple AC analysis as,

7= 27C o Vi + Vo Ji + 27fC e Ro ) 2
1+Qaf ) CopeRoy’

where f'is the signal frequency. At low frequencies where 2nfCorrRon<<1, the loss by the resistor is,

» (3.5)

Pross _OFF = RON‘I‘Z (3.6)
= 4”2(C0FF2RON )fz(VDC + Ve )2 .
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Then, input power to the diode Ppjopg can be written as,

Ppiops = Py — Prer (3.7)
=Ppc + Pross _on + Pross _orr -

Assuming o value, VDC can be obtained solving Eq.(3.7) with Egs. (3.3),(3.4) and (3.6). Then, all the powers
including the loss power can be obtained. For multi-finger diodes, Ry and Cy Ron=Ro/n and Copp=nC,, where R,
and C, are the ON resistance and OFF capacitance of one finger diode, respectively, and » is the finger number.

The calculated lines are shown in Figs. 3.5 and 3.7 for the loss power and Figs.3.6 and 3.8 for Vpc together with
the numerical simulation results. Here, Vg=0.8V, Ry=8Q2 and 0=0.3 are assumed. Good matching is obtained
assuming Cy=0.17pF for R pap=200Q and Cy=0.24pF for R pap=40Q2. They showed good agreements with the
simulation results on both frequency dependency and the finger number dependency. The difference of the fitted
capacitance values comes from their reverse bias voltage range. For Ry oap=200Q2, DC voltage is 35V meaning the

maximum voltage is about 70V, where as R 0op=40Q2, the maximum voltage is about 36V.

34 CONCLUSION

Loss mechanism of rectenna circuits are analyzed using a circuit simulator and an analytical model is developed.
From the model, it is clarified that the low Ry is important at low frequencies, but Copr is serious at high
frequencies due to the parabolic dependency of the loss power on Cogr and frequency. To improve the rectenna
efficiency, the optimization of Ron and Copr is important along with the reduction of their product.

We used a simple diode model in this analysis, but actual diodes have several parasitic capacitances and
resistances depending on their structures. So, the more detailed modeling of Schottky barrier diodes based on

actual measurements will be needed for more accurate estimation.
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4 Effects of Wetting to Wireless Power Transmission by Open-Ring Resonators
[14]

Coupling

4.1 Introduction

A variety of mobile devices, such as mobile phones, digital cameras, and portable music players, could benefit
from the use of wireless power transmission for battery charging. Since the data can be exchanged wirelessly, the
only remaining external electric terminal for these devices is the power supply.

Electromagnetic coupling of open-ring resonators (ECOR) is an efficient non-contact power transmission
technology [2] which can transmit microwave power through plastic plates. Combining an efficient rectenna
circuit with a GaN Schottky barrier diodes (SBD), this technology offers a convenient power transmission system
for battery charging of these devices.

Mobile equipment is often used in wet environments, so waterproof properties are highly desirable. Present
waterproof equipment requires keeping electrical terminals dry during charging to prevent electric shock, charge
leakage, and the corrosion of the metal electrodes. In addition, present devices require shielding the terminal by
closing the cover carefully, which may be made difficult due to mechanical or material degradation.

A more convenient charging system would allow charging to be done in wet environments or even in water
without any special measures or operations. Since the dielectric constant of water is as high as 80 and water
exhibits dielectric losses, power transmission characteristics will be influenced by water. We have investigated the

effect of wet conditions on an ECOR system operating at 2.45GHz.

4.2 Open-ring resonator Structure

ECOR is being developed for wireless signal interconnection between high-speed integrated circuits [2]. The
rings are A/2 resonators with the diameter of A/2n. Impedance matching is obtained by selecting the connecting
point with the signal feeder line on the ring circle. We previously applied ECOR technology for power
transmission at 2.45 GHz targeting the application of mobile equipment battery charging [9]. In the experiments,
the circuits were formed on a FR-4 glass epoxy printed board (¢ = 4.7, ¢t = 1.6mm, tan 8 = 0.02) as shown in Fig.
4.1. The ECOR by itself showed 70.1 % transmission efficiency through the 1.6mm FR-4 board in the small
signal measurement. Combining the ECOR with a GaN SBD, RF/DC conversion efficiency of 37.1 % was

Printed board (FR4)
, —

PE sheet (t =0.5mm) |

Open-rings | water soaked paper |

\‘XEAsheet (t =0.5mm) |

| |
Printed board (FR4) |

Fig.4.1. Photograph of printed board with an Fig.4.2. Sample structure for wet condition
open-ring pattern. effect measurement
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Fig.4.3. Transmission through dry paper. The numbers
indicate the number of inserted paper sheets. The
“ref” line indicates the transmission using a
micro-strip line with the same distance between the
connectors.

Fig.4.4. Transmission through de-ionized water.
“0” indicates the case of no sheets of paper under
dry conditions.
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Fig.4.5. Transmission through tap water. Fig.4.6. Transmission through sea water.
obtained at an input power of 3.01 W and frequency of 2.3 GHz.

The device structure for the present experiment is designed for 2.45GHz signal transmission. The ring diameter
is 9.9mm. The signal is fed through a 50Q micro-strip line. The rings are connected to an SMA connector through
the micro-strip line with 18 pum thick copper. The back side of the board is covered with copper which is used as a
ground plane. To achieve the best matching for the transmission through 1 mm thick polyethylene (PE) plate, the

insertion angle to the ring is set 100° from the center of the ring circumference.

4.3 Experiment
In the measurement, two 0.5 mm thick PE boards were inserted between the printed boards (Fig.4.2). Sheets of
clean-wipe paper, immersed in de-ionized water, tap water, or seawater, were inserted between the PE boards. The

de-ionized water was obtained from our clean room, and the seawater was taken from the sea near Naruto strait.
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Fig.4.7. Peak transmittance as a function of the number

of inserted paper sheets.
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Fig.4.8. The peak frequency (f-peak) and the

frequency of -3dB from the peak value.

The thickness of a paper sheet was measured as 0.02mm. The actual board spacing, however, was not measured in

these experiments, so we will specify spacing only by the inserted sheet numbers.

For a reference, we measured the transmission between two SMA connectors connected by a 50 {2 micro-strip

line with the same distance as the set of ECOR boards. The loss measured on the reference board was 0.62 dB at

2.45GHz as shown in Figs. 4.3 to 6. Without any paper, ECOR insertion loss was 1.05dB, which is also shown in

Figs. 4.3 to 4.6. The bandwidth, defined as the difference of the frequencies where S21 is 3dB lower than the peak
value, was found to be 1.80GHz, from 1.88GHz to 3.68 GHz. The bandwidth is defined as this value throughout

this paper. For our ECOR design, the transmission band is designed as a Butterworth-type, so there is no clear

peak. The peak frequency may not be meaningful in this measurement.

With 10 sheets of dry paper, the loss increases to only 1.29 dB and the bandwidth shrinks to 1.45GHz as shown

| —6—— 0 %o (pure water)

—-E—— 35 %o (sea water)

FREQUENCY(GHz)

Fig.4.9. Dielectric constants of water as functions
of frequency for salinities of 0 %o(pure water),

10 %o, 35 %o(sea water), and 70 %o.

S21[dB]

2 3 4 5
Frequency[GHz]

Fig.4.10. Simulated transmission through seawater. The
values indicate the water layer thickness between the PE

plates.
conductivity.
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in Fig.4.3. The band shrinks almost symmetrically, 0.19GHz for the lower frequency side (f.) and 0.16GHz for the
higher frequency side (f).

When the sheets of papers were immersed in de-ionized water, the peak S21 value decreased and the bandwidth
shrank as shown in Fig. 4.4. The peak S21 decreased to 2.87dB for 10 sheets and 3.00dB for 20 sheets. Also, the
band shrank to 1.20GHz for 10 sheets and 0.78 GHz for 20 sheets. In this case, the shrinking occurred almost
entirely on the higher frequency side; this is due to two factors: 1) the transmission band shrinks due to the
reduction of the coupling coefficient by the increase in board spacing, and 2) an increase in the effective dielectric
constant by the water layer.

For the measurements using tap water, the variations were almost the same as the results for de-ionized water as
shown in Fig. 4.5. For the sea water case, S21 reductions were even greater as shown in Fig. 4.6. However, the
transmission band defined before is almost the same as that observed with de-ionized water. The variations of
peak S21 and the transmission frequencies are shown in Figs. 4.7 and 4.8, respectively. The results for tap water

are almost the same as those of de-ionized water.

4.4 Electromagnetic simulation
Electromagnetic simulations were carried out to compare with the experimental results. The complex dielectric

constant of water can be calculated from the Debye expression [15], which is given by,

E—&, . O

E=6,+ —=— (1)
1+ jor = we,

where @ =2nf is the angular frequency, &, is the dielectric constant at infinite frequency, & is the static
dielectric constant, 7 is the relaxation time, o is the ionic conductivity, and & is the permittivity of free space. The

values of &, 7and o are all functions of the temperature and salinity of water. The dielectric constants, both real

3] ™ fH
P4 X
< (&) - I
- N e 0S/m g gg
s S 25 F o0 10S/m
2 = © 20 8/m

— ¢ 30S/m
5 >
= w
X o
< TR
w
o

1 L
o 01 02 03 04 05 0 01 02 03 04 05
WATER LAYER THICKNESS(mm) WATER LAYER THICKNESS(mm)

Fig.4.11. Simulated peak transmittance through waters Fig.4.12. Simulated -3dB frequency through waters
with various conductivities. with various conductivities.
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and imaginary parts, are shown in Fig. 4.9 for waters with various salinity values. The salinity of standard sea
water is 35%o and the conductivity o is 5.3S/m at 25°C. For pure water, gggar=77.1 and tandis 0.12 for 2.45GHz
at 25°C from the parameters in Ref.3, but we used the default values of the simulator (HFSS) which are gggar=81
and tano= 0.16 regardless of the frequency.

Figure 4.10 shows the simulated transmission characteristics for the case of 6=30S/m together with the tano =
0.16 caused by the molecular polarization. The transmission is quite similar when we translate the thickness of the
water layer to 0.02 mm/sheet. The peak transmission and the 3dB frequencies are shown in Figs. 4.11 and 4.12,

respectively.

4.5 Discussion

Qualitatively, similar results were obtained by experiment and simulation. As the water layer thickness
increased, the transmission decreased and the band shifted to the lower frequency. The S21 degradation was larger
for the water with higher conductivity, and the band width reduction value was nearly unaffected by the salinity
value. However, to match the results with experiments, the assumed conductivities for both pure water and sea
water were too high. There are several ambiguities in the present experiments, such as the thickness of the wet
papers under clipped compression, the quality of the clean wipe paper, and the penetration of water to unintended
places. Further investigation will be necessary to achieve better agreement between the experimental and modeled

results.

4.6 Conclusion

The ECOR insertion loss under dry conditions was 1.05dB. If we allow for a 1dB loss increase, 5 sheets are
allowed for paper soaked with de-ionized water, and 2 sheets for sea water. Under these conditions, the bandwidth
shrinks mostly from the higher frequency side. So the initial bandwidth should be wider considering this shift.
Wireless transmission using ECOR was originally intended to be used for non-contact transmission, but ECOR
resonators may be in contact with plastic covers. The incursion of water under these circumstances should be
minimized by, for instance, using moisture-resilient materials.

Although there is some disagreement between experimental and simulated results, the present experiments
confirm that wet conditions may not present serious problems for the use of ECOR as a complete waterproof

connector for power transmission.
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